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GAL41, GAL411, and GAL4I61 are three forms of the yeast transcriptional activator protein that are readily
distinguished on the basis of electrophoretic mobility during sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Phosphorylation accounts for the reduced mobility of the slowest-migrating form, GAL4m,
which is found to be closely associated with high-level GALIMEL gene expression (L. Mylin, P. Bhat, and J.
Hopper, Genes Dev. 3:1157-1165, 1989). Here we show that GAIA1, like GALAm, can be converted to GAL41
by phosphatase treatment, suggesting that in vivo GAL411 is derived from GAL41 by phosphorylation. We
found that cells which overproduced GALA under conditions in which it drove moderate to low levels of
GALIMEL gene expression showed only forms GAL41 and GAL411. To distinguish which forms of GALA
(GAL41, GAL41, or both) might be responsible for transcription activation in the absence of GALAm, we
performed immunoblot analysis on UASgal-binding-competent GALA proteins from four gal4 missense
mutants selected for their inability to activate transcription (M. Johnston and J. Dover, Proc. Nati. Acad. Sci.
USA 84:2401-2405, 1987; Genetics 120;63-74, 1988). The three mutants with no detectable GAL) expression
did not appear to form GALAI6 or GAL4m, but revertants in which GALA-dependent transcription was
restored did display GAL46- or GALA4l-like electrophoretic species. Detection of GAAIA, in a UASgal-binding
mutant suggests that neither UASgal binding nor GALIMEL gene activation is required for the formation of
GAL4A. Overall, our results imply that GAL41 may be inactive in transcriptional activation, whereas GA1,46
appears to be active. In light of this work, we hypothesize that phosphorylation of GALA1 makes it competent
to activate transcription.

How eucaryotic transcriptional activators work is an
unsolved problem. One eucaryotic transcriptional activator
that has been subject to considerable study is the GAL4
protein, which activates transcription of the galactose/meli-
biose regulon genes (GALIMEL genes) in the yeast Saccha-
romyces cerevisiae (for a review, see reference 19). In cells
grown in the absence of galactose and glucose, GAL4 binds
specifically to sites (UASgal) located upstream of the GALI
MEL gene promoters (2, 10, 11, 14, 27, 42, 48) but cannot
activate transcription as a result of its association with the
GAL80 protein (23, 28, 30, 37, 45, 49). Presentation of
galactose (in the absence of glucose) relieves GAL80 inhibi-
tion, allowing GAL4 to activate GALIMEL gene transcrip-
tion. Glucose represses GAL4 protein-dependent transcrip-
tion (even in the absence of the GAL80 protein [45, 49;
reviewed in reference 13]) by mechanisms which include
reduced GAL4-UASgal interaction (14, 27, 42).

Learning how GAL4 activity is modulated by carbon
source has become a central aim in the overall goal of
understanding how it activates transcription. Recently, we
discovered that GAL4 protein exists in multiple forms that
can be distinguished on the basis of electrophoretic mobility
during sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) (33). The slowest-migrating form,
GAL41II, is phosphorylated and is found to be closely
associated with increased GALIMEL gene expression (33).
Two other GAL4 species, GAL41 and GAL4,,, are detected
in extracts of noninduced cells. Within 30 min after galactose
addition, GAL4,11 appears at the expense of GAL4,1 and
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GAL41. GAL4111 is not detected, however, after long-term
growth on galactose-containing medium, a condition charac-
terized by lower than maximal GALIMEL gene expression
(45) and the presence of GAL411 and GAL41 (33). Addition of
glucose to newly induced cells that contain GAL41jj triggers
rapid removal of GAL,,, and the reappearance of GAL411
(33). These results, and the fact that GAL4,11 is converted to
GAL41 by phosphatase treatment in vitro, led us to propose
that phosphorylation state changes of GAL4 are key to
modulating its activity (33).
The overall results from the previous work suggested that

phosphorylation of GAL4 to GAL41j1 might make it a better
transcriptional activator. In particular, the fact that only
GAL4, and GAL41J were detected in long-term galactose-
grown cells suggested that GAL41,1 might not be required for
GALIMEL gene transcription and that one or the other (or
both) of these forms is active. To test this notion and to
investigate further the physical and functional significance of
the GAL4 isomers, we have initiated a genetic and physical
analysis of GAL41 and GAL4Aj. Here we show that GAL4,1,
like GAL41JJ, can be converted to GAL41 in vitro by phos-
phatase treatment, suggesting that GAL4,1 is derived from
GAL41 by phosphorylation. We also report that overproduc-
tion of GAL4, and GAL4J1 under conditions yielding no
detectable GAL4111 brings about GALIMEL gene expression.
We show that three gal4 missense mutants blocked in the
GAL4 transcription activation function, but not specific
DNA binding, do not produce detectable levels of GAL4jj
and GAL41,1 and that GAL4 heterogeneity is restored in
revertants with restored activity. However, a mutant GAL4
protein that does not bind to UASgal exhibits GAL411 but
not detectable amounts of GALA,,,.
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MATERIALS AND METHODS

Yeast strains, plasmids, and growth media. Yeast strains
Sc252 (SJ21R [22]) and Sc285 (gal80-deletion derivative of
Sc252 [33]) have been described previously. Yeast strains
Sc413 and Sc414 are derivatives of strain Sc252 that bear
chromosomal deletions of the GAL4 or GAL80 gene or both
and are described elsewhere (33, 34). Yeast strain Sc340
expresses elevated levels of GAL4 protein upon galactose
addition from a GALJOp-GAL4 fusion gene integrated at the
his3 locus (34, 41). Strains Sc490 and Sc491 were created by
transformation of strains Sc252 and Sc285, respectively,
with BamHI-digested pJJ118 (3). pJJ118 contains a his3::
ADHJ-GAL4-URA3::his3 cassette than can be excised by
BamHI digestion and integrates at the HIS3 locus by homol-
ogous recombination (3, 40). The ADHI (ADCI) promoter is
described elsewhere (1). Ura+ transformants were screened
by Western blotting (immunoblotting) to confirm increased
production of GAL4 protein. Strain Sc541 was produced
from Sc385 (gal3 deletion in Sc252 [3a]) by the same proce-
dure.

Variants of yeast strain Sc252 bearing chromosomal dis-
ruptions of the TRPJ, GAL4, and GAL80 genes were pro-
duced by one-step plasmid-directed gene replacement (18,
40), using plasmid pOH15R-T-UD (a gift of Dahlkyun Oh).
Plasmid pOH15R-T-UD is a pBR322-based vector (5) that
carries a derivative of the TRPI-containing 1.4-kilobase-pair
EcoRI fragment from YRP7 (47). The TRPI gene in
pOH15R-T-UD is nonfunctional because of insertion of the
1.1-kilobase-pair HindlIl URA3-containing fragment from
YEp24 (7). Yeast strains Sc545 and Sc546, respectively,
were created by transformation of strains Sc413 (gal4D
GAL80) and Sc414 (gal4D gal80D) with EcoRI-digested
pOH15-T-UD. Ura+ transformants were recovered and
screened for the Trp- phenotype.
The gaI4 mutant and GAL4 pseudorevertant alleles char-

acterized here were described previously (20, 21). Plasmid
names are used here in place of the original allele numbers.
Descriptions are given in the text, figures, and tables.

Plasmid YCP5OCBN (a gift of Wajeeh Bajwa) was con-
structed from YCP50 (25) by removal of sequences separat-
ing the BamHI and NruI and the EcoRI and ClaI sites of
YCP50, with elimination of the NruI and ClaI sites. Plasmids
used for yeast transformations were amplified in Escherichia
coli HB101 (8) and manipulated according to standard pro-
cedures (32).
The buffered Sx growth medium used for most experi-

ments has been described elsewhere (33, 34). Unbuffered 1 x
synthetic growth medium was described previously (16).
Preparation and use of the carbon sources glycerol and lactic
acid were previously described (45). Dextrose and glucose-
free galactose were obtained from Pfanstiel Laboratories
(Waukegan, Ill.).

Yeast cell extract preparation and Western blotting of
GAL4 protein. Yeast cells were disrupted by vortexing with
glass beads, pelleted, and extracted in lx electrophoresis
sample buffer essentially as described previously (33). The
rabbit serum used for Western blotting was previously
characterized (33, 34). The GAL4 protein electrophoretic
standard appears elsewhere (33).

Radiolabeling and immunoprecipitation of GAL4 protein
from yeast cells. The conditions used for radiolabeling of
yeast cells in culture with [35S]methionine were essentially
as described elsewhere (33), with the following modifica-
tions. Cells were pregrown (optical density at 600 nm
[ODw] of 0.2 to 0.3) in labeling medium initially supple-

mented with 0.5% (wt/vol) dextrose. Before labeling, the
cells were resuspended at a higher density in fresh medium
lacking dextrose. Cells were harvested by centrifugation at
5,000 rpm for 10 min at room temperature in a Sorvall HS4
rotor, resuspended to a final OD600 of 0.4 in prewarmed
labeling medium, and incubated for another 30 min before
galactose addition. Galactose was added to a final concen-
tration of 2% (wt/vol). Isotope was added after 1 h of
galactose induction, and labeling was allowed to proceed for
1 h. The chase period with 1 mM unlabeled methionine was
restricted to 5 min. Cells were chilled and harvested, and
extracts were prepared and immunoprecipitated as de-
scribed previously (33).
Enzyme assays. All determinations were performed in

triplicate. Galactokinase assays (4) were performed on ho-
mogenates of yeast cells prepared by disruption with glass
beads (6) and clarified by centrifugation at 10,000 x g for 10
min at 4°C. Protein estimations were done by the method of
Bradford (9), using reagent purchased from Bio-Rad Labo-
ratories (Richmond, Calif.). a-Galactosidase assays were
performed on unfractionated yeast cell homogenates (38).
Protein assays for these reactions were performed according
to Hess et al. (15).

RESULTS

GALAII is a phosphorylated form of GAL4 protein. It was
previously reported that the electrophoretic species GAL4111
differs from GAL4, by phosphorylation: alkaline phos-
phatase treatment increases its electrophoretic mobility to
that of GAL4, (33). The results from experiments using the
protein synthesis inhibitor cycloheximide and Western blot
analysis of GAL4 protein suggested a possible product-
precurser relationship between GAL4, and GAL411 as well
as GAL411 and GAL41,1 (33). We sought to determine more
directly whether GAL4,, differs from GAL4, by phosphory-
lation. We assayed for increased electrophoretic mobility of
GAL411 after in vitro phosphatase treatment of immunopre-
cipitated in vivo 35S-labeled GAL4 as described previously
(33).
Yeast strain Sc541 was used as the source of in vivo

35S-labeled GAL4 for these experiments. This strain sub-
stantially overproduces GAL4 protein from an ADHI-GAL4
construct integrated in HIS3 (3, 23, 33) but produces only
forms GAL4, and GAL4,, during short-term galactose
growth (Mylin and Hopper, unpublished data) because of a
defective GAL3 gene which delays transcription induction
(46). We used the gal3 deletion to facilitate the isolation of
radiolabeled GAL4,, under the culture conditions used pre-
viously to isolate 35S-labeled GAL4,11. Use of the gal3
deletion here is valid in that GAL3 function is not directly
required for formation of GAL41, GAL411, or GAL41,1. That
is, GAL41, GAL4,1, and GAL4111 are detected in gaI3D
gaI8OD cells under the appropriate growth conditions (Mylin
and Hopper, unpublished data).

Qualitatively different patterns of GAL4 protein were
obtained when the gal3-deleted SC541 and nearly isogenic
GAL3 control strain SC490 were labeled in culture with
[35S]methionine in the presence of galactose (Fig. 1). The
gal3-deleted strain produced only forms GAL4,, and GAL4,;
the nearly isogenic GAL3 control cells produced forms
GAL4,,, and GAL4,. Incubation of the GAL4 immunopre-
cipitates with calf intestinal alkaline phosphatase in the
absence of added inhibitor increased the electrophoretic
mobilities of both GAL411 and GAL4,,, to that of GAL41
(Fig. 1; compare lanes 5 and 6 and lane 7 and 8). We
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FIG. 1. Demonstration that incubation of GAL41J with alkaline

phosphatase increases its electrophoretic mobility. Yeast strains
Sc413 (gal4D; lanes 1 and 2), Sc340 (GALlOp-GAL4; lanes 3 and 4),
Sc490 (ADHJ-GAL4; lanes 5 and 6), and Sc541 (ADHI-GAL4
gal3D; lanes 7 and 8) were labeled in culture with [35S]methionine
(see Materials and Methods). Radiolabeled GAL4 protein was
isolated by indirect immunoprecipitation from cell extracts and
treated with calf intestinal alkaline phosphatase in the presence (+)
or absence (-) of added inhibitor essentially as described previously
(33). After electrophoresis, gels were prepared for fluorography as
described previously (33), and exposed to Kodak XAR-5 film at
-70°C for 22 h (lanes 3 and 4) or 14 days (all other lanes). Each lane
on the autoradiogram represents GAL4 protein extracted from the
equivalent of 2 ml of the labeling culture (OD6w = 0.4). I, II, and III
indicate the positions of GAL41, GAL411, and GAL41,1, respectively.

conclude that GAL411 is a phosphoprotein and, like GAL4J1
(33), undergoes dephosphorylation to GAL41.
GAL4111 is not required for low to moderate levels of

transcription activation. GAL4,11 is not detected in wild-type
cells grown long term on galactose (33). This raises the
possibility that GAL4, or GAL4,, provides the lower GALI
MEL gene activity characteristic of cells adapted to long-
term growth on galactose. Alternatively, transcription acti-
vation in long-term galactose-grown cells could be due to
levels of GAL4,,, below detection. To more rigorously test
whether GAL4,11 is responsible for submaximal GALIMEL
gene expression, we sought to overproduce GAL4 protein
under conditions in which it drives moderate levels of
GALIMEL gene expression in the absence of galactose and
glucose. Such conditions are realized in uninduced (glycerol-
lactic acid [Gly/Lac]-grown) GAL80 cells in which the GAL4
protein is overproduced (23).
We overproduced the GAL4 protein by using an ADHJ-

GAL4 construct (3, 23) integrated in the chromosome. The
cells were grown in Gly/Lac medium and assayed for galac-
tokinase and a-galactosidase activities, and their GAL4
forms were detected by an immunoblot. In GAL80 cells
bearing the ADHI-GAL4 construct, the GAL] and MEL]
genes were expressed at 4 and 74%, respectively, of the
levels observed in the GAL4 gal80 cells (Table 1). No
GAL4,11 was evident in the GAL80 cells despite substantial
overproduction of GAL41 and GAL4,1 (Fig. 2, lane wt).
Overproduction of GAL4 did not interfere with the forma-
tion of GAL41JJ since either the addition of galactose (data
not shown) or the deletion of GAL80 (Fig. 2, lane gal80D)
allowed for abundant GAL4,,, formation. These results

TABLE 1. Galactose-independent GAL] and MELI expression in
cells expressing elevated levels of GAL4 protein

Expression

Genotypea Without GAL4 With excess GAL4overproduction' proteinc

GALI MEL) GALI MEL)

GAL4 GAL80 <0.5 4 4 74
GAL4 gal80D lood lood 128 164
gal4D GAL80 <0.5 <0.5 NDe ND
gal4D gaI80D <0.5 <0.5 ND ND

aStrains listed were derived from SC252 (SJ21R) by disruption of the GAL4
or GAL80 gene (Sc252, Sc285, Sc413, and Sc414; see Materials and Methods).
Each was transformed to uracil prototrophy with the vector or construct
indicated.

b Strains were transformed with the URA3+ centromere vector YCP50
CBN.

' Strains contained an ADHI-GAL4 fusin gene integrated at the his3 locus
(see Materials and Methods).

d Transformants were grown in 5 x synthetic Gly/Lac medium lacking
uracil. Enzyme activities are expressed as percentages of the levels obtained
in the gal80-deletion strain transformed with the vector YCP50CBN. Such
values are typically 1.5- to 2-fold higher than the levels found in nearly
isogenic GAL80 cells grown on galactose-containing medium (45).

e ND, Assays were not performed.

support the notion that GAL4,,, is not required for low to
moderate level GALIMEL gene expression and imply that
GAL4, or GAL411 (or both) activates transcription.
gal4 missense mutants defective in transcription activation

are also deficient in GAL411 (and GAL4111) formation. To learn
which forms of GAL4 might be transcriptionally active, we
analyzed GAL4 protein produced from four gal4 missense
mutant alleles selected for their inability to activate GAL]
expression in vivo (BM797, BM810, BM813, and BM814 [20,
21]). The amino acid alterations of these mutants are pre-
sented in Table 2. These mutant GAL4 proteins produced in
E. coli exhibit near-wild-type affinity in vitro for UASgal
(20). The four mutant alleles (each carried on a CEN vector
[21]) were assayed for their ability to activate GAL] expres-
sion in the absence of galactose in cells deleted for both
GAL4 and GAL80 (Table 2). Of the four, only the BM813
mutant (Ser-322 -b Phe) activated detectable levels of galac-
tokinase expression.
Western immunoblot analysis revealed a striking differ-

ence between the mutant and wild-type GAL4 proteins (Fig.

00
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FIG. 2. Demonstration that partial relief of GAL80-mediated
repression is not accompanied by detectable levels of GAL4,11.
Yeast strains Sc490 (lane wt) and Sc491 (lane gal8OD), each of which
harbors an ADHI-GAL4 fusion gene at the his3 locus, were grown in
5 x synthetic Gly/Lac medium lacking uracil. Cell homogenate pellet
extracts were prepared, and volumes of extracts representing simi-
lar amounts of Coomassie blue-staining protein were analyzed by
immunoblotting. Lane gal80D contains forms GAL4,, GAL4,,, and
GAL4,,,, although the latter two were not well resolved in this
assay. I, II, and III indicate the positions of electrophoretic forms
GAL4,, GAL4,,, and GAL4,11, respectively.

-+ - +
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TABLE 2. GAL] expression in gaI4D gaI80D cells expressing
plasmid-borne mutants of GAL4

Plasmida Type of GAL4 Galactokinaseprotein encoded' activityc

BM292 Wild type 100
BM797 Ser-352 Phe <0.5
BM810 Ser-511 Pro <0.5
BM813 Ser-322 Phe 5
BM814 Leu-331 Pro <0.5
BM1314 Ser-511 Arg 98
BM1315 Leu-331 His 67
BM1352 Ser-511 - Leu 95
BM1493 Ser-352 Val 42
BM453 No GAL4 <0.5

a These plasmids carrying alleles described elsewhere (21) were introduced
into gal4D gal80D yeast strain Sc546 (see Materials and Methods).

b Taken from Johnston and Dover (21); residues are numbered according to
Laughon and Gesteland (26).

c Transformants were grown in synthetic Gly/Lac medium lacking tryp-
tophan. Galactokinase activities were measured in cell extracts (see Materials
and Methods) and are expressed as percentages of the levels measured in cells
transformed with BM292.

3). Only GAL4 protein species migrating with GAL41 were
detected in extracts of GAL80 cells bearing the three mu-
tants that did not activate GAL] expression. For those three
mutants, the lack of GAL4,, correlated with the lack of
GALl enzyme production. The mutant that produced low
levels of galactokinase (BM813) displayed detectable but low
amounts of GAL4,1. Addition of galactose did not alter the
electrophoretic profiles of the mutant proteins expressed in
GAL80 yeast cells (Fig. 3). Similar electrophoretic profiles
were obtained when the mutant gal4 alleles were expressed
in cells lacking the GAL80 gene (data not shown).
These results reveal a striking correlation between GAL4,,

formation and transcriptional activation activity and imply
that GAL4, is inactive in transcription activation.
GAL4 activity and heterogeneity (GAL41J and GAL4m

formation) are reestablished in pseudorevertants. Johnston
and Dover (21) isolated transactivation-competent rever-
tants of three of the four activation-deficient gal4 alleles.

WT aa#352
C GAL4
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FIG. 4. Restoration of GAL4,, and GAL411j in pseudorevertants
of gal4 activation-deficient missense mutants. Transformants of
yeast strain Sc546 (gal4D gaI8OD trplD) harboring plasmid-borne
GAL4 alleles encoding the single amino acid changes indicated (see
also Table 2) or no GAL4 sequences (lane Vector only) were grown
in 5x synthetic Gly/Lac medium to a cell density of OD6., = 0.2.
Cell homogenate extracts were prepared from 25-ml culture sam-
ples. Volumes of extracts representing similar amounts of
Coomassie blue-staining protein were assayed by immunoblotting.
I, II, and III represent the positions of GAL41, GAL411, and
GAL411,, respectively.

Several of these revertants are pseudorevertants since they
contain non-wild-type amino acids at the original mutated
sites (21). We transferred four such pseudorevertants into
the SJ21R background and tested them for GAL] expression
(Table 2) and GAL4 protein electrophoretic profile (Fig. 4).
Two of the revertants (BM1352 and BM1314) expressed
galactokinase at wild-type levels; the other two revertants
(BM1315 and BM1493) express somewhat lower galactoki-
nase levels. The three revertants with the highest levels of
GAL] expression (Ser-511 -* Arg, Ser-511 -+ Leu, and
Leu-331 -> His) all produced GAL4,,, (Fig. 4). In each case,
the GAL4151 species was replaced by GAL4,1 in glucose-
grown gaI80-deletion cells and in glycerol/lactic acid-grown
GAL80 cells (data not shown), as was previously demon-
strated for the wild-type GAL4 allele (33). By contrast, the
Ser-352 -> Val mutant did not exhibit detectable levels of
GAL4111 (Fig. 4). Instead, this mutant expressed a distinct
GAL4, as well as GAL4 species that migrated as a diffuse

gal4 mutants

e

aa#511 aa#322

Ser>Pro Ser>Phe

i
.

r.)
aa#33 1 "-
Leu>Pro3 !:I

60) 30 0 0 30 60 0 30 60 0 30 60 0 30 6()

'AZ ;: fi*as ':a t.*'

FIG. 3. Absence of GAL4J1 and GAL4111 in gaI4 missense mutants defective in transcriptional activation. Transformants of yeast strain
Sc545 (gal4D GAL80 trplD) bearing plasmids encoding the wild-type GAL4 allele or carrying gal4 missense mutations were grown in 5x
synthetic Gly/Lac medium lacking tryptophan to a cell density of OD6w = 0.2. Galactose was added to a final concentration of 2%, and
incubation continued. Culture samples (25 ml) were taken immediately before galactose addition (lanes 0) and at 30 (lanes 30) and 60 (lanes
60) min after galactose addition. Cell homogenate pellet extracts were prepared, and volumes representing similar amounts of Coomassie
blue-staining protein were assayed by immunoblotting. The predicted amino acid (aa) substitutions for the respective mutant proteins are
indicated above the appropriate lanes (also see Table 2). Note that the order of the lanes representing the wild-type allele (WT GAL4) is
reversed with respect that of the mutants. Extract from gal4-deletion cells lacking any plasmid is included as a control. I, II, and III indicate
the positions of electrophoretic forms GAL4,, GAL4,j, and GAL4,1,, respectively in lane GAL4 STD.
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FIG. 5. Ability of a gaI4 mutant defective in specific DNA
binding to GAL411. Yeast strain Sc545 (gaI4D GAL80 trpiD) bearing
plasmid BM292 (lane 1) and Sc546 (gal4D gaI80D trplD) bearing
plasmids BM292 (lane 2), BM792 (lane 3), and BM453 (lane 4) were
grown in 5 x synthetic Gly/Lac medium lacking tryptophan to a cell
density of OD6. = 0.2. See text for a description of BM792 (a
DNA-binding mutant) and Table 2 for descriptions of the others (the
wild-type allele or no GAL4). Cell homogenate pellet extracts were

prepared from 25-ml culture samples. Volumes of extracts repre-
senting similar amounts of Coomassie blue-staining protein were
assayed by immunoblotting. I, II, and III indicate the positions of
electrophoretic forms GAL4,, GAL41,, and GAL411,, respectively.

band with mobility intermediate to those of GAL4, and
GAL4111.

For all four pseudorevertants, the acquisition of transcrip-
tional activity correlated with the reappearance of electro-
phoretic forms other than GAL4,. Whether these forms
represent phosphorylation states identical to the wild-type
protein forms GAL4111 and GAL411 remains unknown. In any
case, these results are consistent with the idea that phos-
phorylated forms other than GAL4, activate low- to moder-
ate-level GALIMEL gene transcription in the absence of
GAL4I1.

Neither UASgal DNA binding nor GAL4 transcription acti-
vation is required for GAL411 formation. A gaI4 mutant
altered in the DNA-binding domain (Glu for Lys at codon 17
[BM792]) was previously shown to have severely reduced
affinity for UASgal in vitro (21). We used this mutant to
determine whether binding to UASgal is required for GAL4JJ
formation. The BM792 CEN vector was placed into a yeast
strain harboring chromosomal deletions of both gal4 and
gal80 genes. The altered GAL4 protein encoded by the
BM792 allele does not activate GALl expression in at least
two genetically distinct backgrounds, strain YM2271 (con-
genic to S288C [21]) and the SJ21R background used here
(less than 1% of wild type; data not shown). The altered
GAL4 protein was present in yeast cells at levels comparable
to that in a wild-type strain (Fig. 5). The electrophoretic
pattern of GAL4 protein encoded by the BM792 mutant
showed only forms GAL4,, and GAL41 (Fig. 5, lane 3). By
comparison, the wild-type GAL4 protein from Gly/Lac-
grown gal80 cells occurred typically as forms GAL4,,, and
GAL41 (Fig. 5, lane 2; see also reference 33). We conclude
from these results that phosphorylation to GAL4j1 does not
depend on UASgal interaction and cannot be a result of GAL
gene transcription.

DISCUSSION
We have presented the following results. First, treatment

with alkaline phosphatase in vitro converts GAL411 to a form
that comigrates during SDS-PAGE with GAL4j. Second,
GAL80 cells which substantially overproduce GAL4 protein
and thereby constitutively express the GAL] and MELJ
genes at low to moderate levels exhibit only GAL4, and
GAL411. Third, in gal4 missense mutants with no detectable
GAL41jJ, GALl expression correlates strictly with detection
of GAL4 electrophoretic species other than GAL4,. Finally,
a gal4 missense mutant that is defective in UASgal binding
and does not activate GALIMEL gene expression exhibits
GAL4, and GAL4,1 but not GAL4,,,.

The simplest interpretation of the in vitro phosphatase
conversion of GAL4j1 to GAL4, is that in vivo, GAL4, gives
rise to GAL4,, by phosphorylation. Thus, both GAL41J and
GAL4,11 (33) differ from GAL41 by phosphorylation. Previ-
ous Western blot analysis of GAL4 protein in yeast cell
extracts revealed that the relative abundances of GAL41j and
GAL4,,, were rapidly and inversely altered in cells undergo-
ing galactose induction or glucose repression (33). Those
results, together with the results presented here, imply that
in vivo, GAL4,1 gives rise to GAL4111 by phosphorylation
and that GAL4,,, can be dephosphorylated to GAL4,1 (33).
Although we have shown that GAL41J1 (33) and GAL4jj (this
work) can be converted to GAL4, in vitro by phosphatase
treatment, we have not been able to achieve in vitro conver-
sion of GAL41,1 to GAL411; in our assays, GAL4j11 is
converted primarily to GAL4,, with only a smear occurring
throughout the GAL411 region (data not shown). We imagine
that in vivo conversion of GAL4111 to GAL4,, is a closely
controlled reaction that is not easily reproduced in vitro.
Identification of the residues phophorylated in GAL4J1 and
GAL4111 will provide insight into the physical relationship
between these species.

Previous work (33) showed that during long-term growth
of GAL80 cells on galactose-containing medium, GAL4
protein-dependent transcription does occur in the absence of
detectable GAL4111. Here we report another example
wherein lower than immediate postinduction GALI and
MEL] gene expression occurs in the absence of detectable
GAL4,,,. We find that the low to moderate constitutive
GAL] and MEL] expression characteristic of GAL4-over-
producing, GAL80 cells grown in Gly/Lac medium is not
accompanied by detectable levels of GAL4,,,. These and the
previous results suggest that GAL4111 might not be required
for low to moderate GALIMEL gene expression. Although it
is possible that nondetectable levels of GAL4111 contribute to
the GAL] and MEL] expression in these cases, our results
with gal4 missense mutants (discussed below) militate
against GAL4111 being the only activating species of GAL4.
Three DNA-binding-competent gal4 missense mutants

lacking detectable GAL4 activity also lack detectable levels
of GAL411. A fourth mutant, which retains only 5% ofGAL4
activity, exhibits reduced levels of GAL411. Alternate sub-
stitutions at the same positions which restore activation
competence to these completely inactive GAL4 proteins also
restore phosphorylation (restore GAL4,1 or restore GAL411
and GAL4111). Of particular note, higher levels of GAL]
activation are realized in cells expressing GAL4 revertant
alleles for which GAL41II-like mobility forms are detected.
Three of the four missense mutations that alter residues

outside the DNA-binding domain (12, 24) and shown here to
block phosphorylation of the GAL4 protein cluster within a
40-amino-acid region located roughly in the middle of the
protein (20, 21). It is remarkable that none of the four falls
within either activation region I or II (29, 31). Nevertheless,
the fact that all four of these missense mutations affect
transcription activation and affect the phosphorylation state
of GAL4 supports the notion that this modification may be
important for its function.
On the basis of our results, we suggest two testable

hypotheses: (i) GAL41 is not capable of transcription activa-
tion but must undergo phosphorylation(s) to give rise to
active species, and (ii) phosphorylation to GAL4,1I creates a
more potent activator than phosphorylation to GAL4,,. To
test for a direct causal relationship between phosphorylation
and GAL4 protein activity, it will ultimately be necessary to
directly compare the potencies of the different forms of
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GAL4 as transcriptional activators in vitro. Currently, we
cannot exclude the possibility that mobility-altering phos-
phorylations (GAL4, to GAL4,1 or GAL411I) might only
indicate unique conformations of GAL4 protein that are
associated with various levels of GAL4-dependent transcrip-
tion activation. Accordingly, such conformations of GAL4
(and the phosphorylations) would be prevented by the amino
acids substitutions present in the four missense mutations.
Three of the four in vivo-selected gal4 mutations alter

serine residues (at positions 322, 352, and 511). Are phos-
phorylations at these serine residues required for GAL411 or
GAL4II1 formation? GAL4II formation appears not to re-
quire phosphorylation at either Ser-322 or Ser-511. Substi-
tutions Ser-322 -* Phe and Ser-511 -> Arg/Leu do not block
GAL4II formation. We imagine that the inactivating substi-
tutions at these positions prevent a conformation of the
protein that is required for GAL411-like phosphorylation(s) at
other sites. On the other hand, Ser-352 may be phosphory-
lated in GAL411, or it may be required for accurate GAL411-
like phosphorylation, since we do not detect a well-defined
GAL41I-comigrating species for the (active) Ser-352 -- Val
allele. In the case of GAL41,1, formation does not require
phosphorylation at Ser-511. Our data show that Ser-511-
Arg/Leu mutants do form GAL41II. GAL41II formation may,
however, require phosphorylation at position Ser-322,
Ser-352, or both. Neither the Ser-322 -> Phe mutant nor the
Ser-352 -* Val revertant exhibits detectable levels of
GAL4III, although both exhibit GAL411 (322) or GAL4,1-like
(352) forms.
The diffuse band detected in the Ser-352 -+ Val revertant

which migrates between the positions of GAL4, and GAL411
may reflect that multiple phosphorylations occur in the
conversion of GAL4, to GAL41I. If such is the case, the
Ser-352 -+ Val electrophoretic variant(s) observed might
represent incompletely phosphorylated molecules. This
points out the potential complexity of GAL4 phosphoryla-
tion. Although we refer to GAL4II and GAL4III as if they are
unique species, these bands may each represent closely
migrating populations of phosphoisomers that are not re-
solved by our gels. The GAL4 protein sequence does contain
several potential phosphorylation sites (33), and GAL4 may,
like many other phosphorylation-controlled proteins, be
subject to multiple phosphorylations by distinct protein
kinases (39).
Our results with mutant BM792 (Lys-17 -* Glu) indicate

that neither UASgal binding nor GALIMEL gene transcrip-
tion is required for phosphorylation to GAL411. GAL4111,
however, is not detected in this mutant or in the other
nonactive and less active, DNA-binding-competent mis-
sense mutants. Since the BM792-encoded protein could
conceivably be defective in nuclear localization (35) as well
as UASgal binding, the direct basis for the lack of GAL4,,,
formation in this mutant is not known. In light of our results,
we have noted from the work of others that GAL411 forma-
tion is apparently not required for nuclear accumulation. For
example, a missense mutant of GAL4 (Arg-51 -- Gly) that
was scored as competent in nuclear accumulation appeared
as a single electrophoretic species after SDS-PAGE (44). In
addition, none of several GAL4-lacZ hybrid proteins as-
sayed showed evidence of electrophoretic heterogeneity, yet
many appeared capable of nuclear accumulation (44).

Failure to bind to or activate transcription from the GAL],
GAL1O, or GAL7 promoters cannot be the sole reason for
lack of GAL4,11 occurrence, since GAL4II1 is readily de-
tected after galactose addition to cells lacking these genes
(33). Moreover, GAL4,11 is detected in cells deleted of both

GAL3 and GAL80 (Mylin and Hopper, unpublished data).
Both GAL3 and GAL80 are transcriptionally activated by
GAL4 (2, 17, 43). Thus, GAL4,11 occurrence is not a direct
consequence of transcription of GALl, GAL7, GALlO,
GAL3, or GAL80. Nevertheless, we cannot exclude the
possibility that the transcriptional activation per se of other
GAL4 protein-activated genes, such as GAL2 (galactose
permease [19]) and GALS (phosphoglucomutase [36]) may
cause or be required for the formation of GAL4,,,.

In summary, GAL4 protein-dependent activation of GALI
MEL gene transcription occurs in cells that do not exhibit
detectable levels of GAL4111 but do contain GAL411. The
levels of GALIMEL gene expression measured in cells
lacking GAL4,11, however, are lower than those found in
cells that contain detectable levels of GAL411j under the
same growth conditions. GAL4-dependent transcription ac-
tivity is not detected in cells bearing gaI4 alleles for which
GAL4 protein species corresponding to GAL4,1 or GAL4111
are not observed. GAL411, like GAL41,1, is a phosphoprotein
that can be converted by phosphatase treatment in vitro to
GAL4,. These results are consistent with the hypothesis (33)
that differential phosphorylation of GAL4 protein produces
physiologically relevant forms with differing activities. Re-
cent advances toward developing a homologous in vitro
transcription system that responds to added GAL4 deriva-
tives may provide the means to directly test the functional
significance of GAL4 phosphorylation.
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